Abstract. 22 anesthetized dogs were given a barium sulfate suspension intravenously in a dose sufficient to double mean pulmonary artery pressure.
Introduction
Carbon monoxide absorption during a brief breath-holding period as described by Krogh and modified by Ogilvie, Forster, Blakemore, and Morton (1) has been used as a measure of the diffusing capacity of the lung (Dr.co) and by in-ference as an index of the functional behavior of the pulmonary capillary bed in normal and abnormal situations (2, 3) . The available evidence suggests that naturally occurring diseases which cause obliteration or obstruction of the pulmonary microcirculation decrease diffusing capacity (4) (5) (6) (7) (8) , whereas acute vascular obstruction may occur with little or no change in Dr.co (9, 10) . This study was designed to evaluate the effects of acutely produced precapillary microobstruction on changes in the pulmonary capillary bed as reflected in changes in DLcO.
Methods 22 dogs with weights ranging between 16 and 26 kg were anesthetized intramuscularly with 2-3 mg of morphine per kg followed 30-45 min later by [14] [15] [16] [17] [18] mg of pentobarbital per kg given intravenously. The animals were ventilated with a cuffed endotracheal tube and a constant volume respirator. End tidal C02 concentration was recorded continuously with an infrared C02 analyzer. Respiratory volume and frequency were regulated to maintain end tidal C02 concentration between 5 and 5.5%o.
Catheters were placed in the main pulmonary artery, pulmonary "capillary wedge" position and the central aorta using fluoroscopic control. In each case pressures were accepted as "wedged" only if they were obtained with the catheter in a typically peripheral position relatively free of cardiac motion, if the pressure contour was compatible, and if either arterialized blood could be aspirated from the catheter or no blood at all was obtainable. A small polyethylene tube was inserted into a foreleg vein for easy injection of a barium sulfate suspension into the peripheral venous circulation.
In each phase of the study 10 sec breath-holding carbon monoxide diffusing capacity, DLcoio, oxygen consumption, blood oxygen capacity, and intravascular pressures were measured. DLcoo was determined by a modified breathholding technique previously reported from this laboratory for use in dogs (11) . With this system, the diffusing mixture, containing 1% neon and 0.5% carbon monoxide in air, is inspired from a bag-in-box apparatus, held and expired by regulating the pressure in an airtight plethysmographic box in which the dog rests on its back. The standard deviation of 10-15 such measurements in five dogs, each used on 4-5 different days, averaged 1.1 ml/(min X mm Hg). In each case duplicate DLco,o measurements and other measurements appropriate to the phase of the study were made before and just after intravenous administration of sufficient 30% suspension of barium sulfate to produce a doubling of the observed mean pulmonary artery pressure. This degree of embolization was used as a "standard embolus" load throughout the study. The actual quantity of barium required was highly variable. 1 ml quantities of the suspension were given at 2-min intervals until the desired doubling of pressure was observed. Intravascular pressures were integrated electronically and recorded photographically. Oxygen consumption was determined before and after barium embolization from a 3 or 4 min collection of expired gas. The gas volumes were measured in a Tissot spirometer and the expired oxygen concentrations were determined with a paramagnetic oxygen analyzer. Blood oxygen capacity was measured spectrophotometrically (12) .
Barium sulfate particle size was determined with a series of standard sieves and microfilters. By weight, 0.02%o of samples of barium passed through a standard 13.5-15 A filter, 15% through a 37 A filter, and 82% through 105 u filter. Sections of lung were examined microscopically to estimate the site of vascular obstruction. Barium emboli were seen chiefly in arterioles or precapillaries in the 40-50 A range. No emboli larger than 75 0 and none smaller than 20 0 were identified (Fig. 1 ).
The project was divided into several phases: (a) In the initial phase of the study, DLco1o, oxygen consumption, and intravascular pressures were measured before and after the standard barium embolization.
(b) Similar observations were made in three dogs previously prepared by bilateral "hilar stripping" to remove the branchial collateral circulation. In each case the animal had a staged operation in which one main stem bronchus was divided and reanastomosed. The hilar structures were stripped away, including the pulmonary arterial and venous adventitia. 3 days later the opposite lung was similarly prepared and 2 days later the animals were subjected to the barium study. After the experiment was terminated, the completeness of the bronchial artery interruption was tested by injection of a green radiopaque barium gelatin mixture into the dorsal aorta under a pressure of 200 mm Hg. The lungs were excised and observed for filling of the bronchial collateral circulation with the green barium mass both grossly and radiographically. In no case was any evidence of residual bronchial circulation detected. This technique had previously been used in this laboratory and shown regularly to outline the canine bronchial circulation.
(c) In seven dogs at rest the effect of prolonged breath holding during carbon monoxide absorption was tested. The rate of CO absorption during the standard 10 sec breath hold was compared with CO absorption during a 60 sec breath-holding period both before and subsequent to the standard embolization. During the prolonged breath-holding period the dogs were carefully observed for respiratory effort. The combination of deep inspiration and anesthesia was sufficient to suppress the respiratory drive for this length of time.
(d) In five dogs the effect of standard barium embolization on DLCo1o was compared with its effect on DLO2. Oxygen diffusing capacity was determined by a modification of the method described by Bartels and coworkers (13) . In each instance the animal breathed 40%o oxygen for 15 min and 10% oxygen for 15 min. The expirate was collected over the last 5 min of each period. In this phase of the study the concentration of oxygen and carbon dioxide inspired and the concentrations of the expired samples were determined by the Micro-Scholander technique. Duplicate analyses of C02 were required to check within 0.03 ml/100 ml and oxygen within 0.04 ml/100 ml. Blood oxygen content and capacity were determined spectrophotometrically (12) . In our laboratory, this method is sufficiently accurate to duplicate values within 0.06 + 0.06 volumes/100 ml. Blood pH, Pco2 and Po, were determined with appropriate electrodes. Actual mixed venous blood samples were obtained from the pulmonary artery catheter. The alveolar Po2 was calculated from the usual alveolar air equation, assuming ideal alveolar PcO2 = arterial Pco2. The quantity of veno-arterial shunting was estimated during 40% 02 breathing, assuming equilibrium of alveolar and endcapillary Po2. The diffusion component of the alveolararterial Po2 difference was determined during 10%o oxygen breathing, assuming no change in veno-arterial shunting. Mean alveolar-capillary Po2 gradient was estimated with the Bohr integration expressed in Thews' nomogram (14) . With this method oxygen diffusing capacity was determined and compared with DLco,O both before and after standard embolization.
(e) Muscular exercise was induced in eight dogs with a modified Kao stimulator (C. B. Branch, Grand Prairie, Tex.) as previously described from this laboratory (11) . Exercise sufficient to produce a fourfold increase in oxygen consumption was induced. DLco,, was determined at rest and during the 4th to 6th min of such exercise both before and after standard barium embolization.
At the end of each experiment the animal was sacrificed after having been anaesthetized intravenously with pentobarbital.
Paired comparison t tests were done in all cases with the control observation from each animal used for comparison with its experimental observation.
Results (a) After barium sulfate embolization in a quantity sufficient to double pulmonary artery pressure, DLCO10 increased from 11.2 ± 3.3 to 12.9 ± 2.9 ml/(min X mm Hg) (P = 0.001). Actually the mean pulmonary artery pressure increased from 14 to 36 mm Hg. Blood oxygen capacity increased from 17.27 + 2.31 to 21.19 + 2.51 ml/100 ml blood (P = 0.01) ( Table I) . Such increases in blood oxygen capacity occur in dogs subjected to a variety of stresses and can be related to contraction of the splenic reservoir (15) . The (4) (5) (6) (7) (8) ).
An attempt was made to simulate these conditions acutely by producing precapillary pulmonary vascular obstruction sufficient to induce meaningful increases in pulmonary vascular resistance. Barium sulfate suspension was used in this study and has been used by other investigators (16, 17) . Knisely, Wallace, Mahaley, and Satterwhite observed the lung directly during embolization with a variety of particle sizes and materials, including barium sulfate. They observed that most artificial embolic materials were heavily coated with thrombotic material by the time they lodged in the pulmonary vessels so that their original size could not be the sole determinant of the size of the vessel embolized (16) . They also observed that arteriolar and precapillary emboli did not always impede flow or empty vessels distal to the obstruction because of extensive collateral circulation through the capillary network. Pump has observed that obstruction at or distal to arterioles of the third division (his estimate, 119 t diameter) would have little effect on the distal vascular bed because of the continuity and numerous anastomoses between different regions of the capillary net (18 Either the unaffected capillary bed enlarged and became more active in CO absorption, or the -capillary bed distal to the emboli remained active in CO absorption, or both. Mechanisms are available to initiate expansion of the unembolized capillary bed. As during normal exercise, the increased pulmonary artery pressure after emboli might open portions of the bed not available to CO during rest, thus preventing a DLCo decrease as the pulmonary vascular resistance is increased by barium embolization. Preservation of the capability to increase DLCOio further during muscular exercise suggests that the unchanged postembolic DLCO0, is not solely a utilization of the extensive pulmonary capillary reserve but that the capacity for still further expansion of the capillary bed remains after this degree of embolization. Yet, increases in pulmonary vascular resistance of the degree observed suggest obstruction of substantially more than 50% of the pulmonary vascular bed (19, 20) . Nevertheless, evidence other than continued DLCO increases during exercise is required to establish whether CO absorption takes place in the capillary net distal to sites of obstruction.
It seems well established that breath-holding carbon monoxide absorption over short periods of time is independent of blood flow if pulmonary vascular pressures do not change (21) . Consequently one may postulate continued CO absorption during a 10 sec breath hold in portions of the pulmonary capillary net that remain filled with blood after barium embolization. Both Knisely and coworkers (16) and Staub (22) , using different techniques, have observed the continued presence of red cells in pulmonary capillaries after flow has stopped, and Staub has pointed out the possibility of continued CO absorption by those stagnant red cells, causing paradoxically high DLCO and gross dissociation of DLo0 and pulmonary capillary flow. If this were indeed the reason for the absence of decreases in DLCO,0 after microembolization, one would expect the rapid build-up of carbon monoxide back pressure resisting diffusion in areas of stagnant or sluggish flow distal to microemboli. During more prolonged breath holds, therefore, CO absorption should decrease more rapidly after emboli. Piiper has examined the theoretical and practical implications of uneven distribution of diffusing capacity and its effects on carbon monoxide absorption during breath-holding periods of variable length and has concluded that the decrease in apparent DLCo as the duration of breath holding is increased is a manifestation of uneven distribution of diffusing capacity. The development of focal increases in capillary Pco is a part of such unevenness (23) . In this study, when the breath-holding period was prolonged from 10 to 60 sec, CO absorption did decrease appreciably more after embolization than before embolization. This observation favors the thesis that after emboli the apparent paradox of an unaffected DL0O10 may indeed depend upon CO absorption in areas of relatively no flow.
Since extremely low partial pressures of CO are present in the alveoli and the hemoglobin CO capacity is relatively so great, CO absorption is limited by blood flow only at the lowest flow rates or after more prolonged exposure with development of significant capillary Pco. Oxygen absorption on the other hand at ambient Po2 is, of course, flow dependent. In this study it was shown that embolization with barium, although leaving DLCo10 and total blood flow unaffected, did decrease DLO2 profoundly. This again is quite compatible with the concept that carbon monoxide was continuing to be absorbed in areas of the pulmonary capillary bed which were filled but very poorly perfused while DLO, became a much more sensitive index of gross unevenness of flow distribution. In the absence of a decrease in total blood flow, the decrease in DLO2 after emboli probably depends upon the development of regional variations in capillary transit time with incomplete equilibration of alveolar end capillary Po2. This mechanism has been examined in detail by Staub (24) . If on the other hand DLCO10 were maintained at a relatively normal level after emboli by utilization of the usually inactive portions of the capillary bed, i.e. by opening new areas of the net, capillary transit times and DLO2 should have been relatively unaffected after embolization. This study did not examine exercise DLO2 after emboli, but prediction based on this thesis requires even further decrease in DLO2 during exercise.
The bronchial circulation did not contribute to the postembolic normal DLC010 level since the phenomenon was not affected after interruption of the bronchial arteries. It is known that bronchial collateral flow normally increases when pulmonary artery flow decreases and may participate in gas exchange (25 The acute precapillary obstruction produced in these dogs is different from the naturally occurring diseases associated with obstruction and obliteration of the microvascular bed because in these dogs destruction of the distal capillary bed does not occur. It is doubtful that an exact human counterpart for this phenomenon will be discovered except rarely in situations where microembolization may be encountered.
In their review of 31 patients with "alveolarcapillary block" Marks, Cugell, Cadigan, and Gaensler report comparison of DLCOio and DLO2 in 14 patients (4). These 14 patients can be clearly divided into two groups, those with comparable and low DLO2 and DLCOio values and those with reasonably normal DLco10 yet low DLO2. Those patients with least reduction of DLCo0i had the greatest discrepancy between DLCO10 and DLO2.
Those patients were also classed as least severe and in general had evidence of the disease for a shorter time. This consideration of their data in the light of the present study suggests that this group of patients may indeed represent a clinical setting in which there are areas of the capillary bed accessible to CO but with sufficient disparity of capillary transit times to impair DLO2.
